Spectroscopic ellipsometry is emerging as a routine tool for in-situ and ex-situ thin-film characterization in semiconductor manufacturing. For interconnects in ULSI circuits, diffusion barriers of below 10 nm thickness are required and precise thickness control of the deposited layers is indispensable. In this work, we studied single films of tantalum and two stoichiometries of tantalum nitride as well as TaN/Ta film stacks both on bare and oxidized silicon. Spectroscopic ellipsometry from the UV to the NIR was applied to determine the optical properties of the films for subsequent modeling by a Lorentz-Drude approach. These models were successfully applied to TaN/Ta thin-film stacks where the values of the film thickness could be determined exactly. Moreover, it is shown that considerable differences in the optical properties arise from both film thickness and substrate.
Introduction
Ta and TaN thin films routinely serve as barriers against copper diffusion in metallization systems of current ultra-large scale integrated (ULSI) circuits [1, 2] . For interconnects of the future technology nodes, barrier films of far below 10 nm thickness are required [3] . While atomic layer deposition (ALD) is expected to replace physical vapor deposition (PVD) as the preferred deposition method, precise thickness control is indispensable for forming ultra-thin layers regardless of the technological approach.
Spectroscopic ellipsometry (SE) provides a fast and non-destructive means for both ex-situ and in-situ thin-film characterization and thickness measurement, and it is therefore emerging as a routing tool in semiconductor manufacturing. However, concise optical property data of the materials to be examined is required for modeling the SE spectra in order to exactly determine the film thickness. While data on the dielectric properties of sputtered tantalum and tantalum nitride thin films is only available over a very limited spectral range, such films were examined by SE from 190 nm to 2.55 μm wavelength in this study. The optical properties of single films from 75 nm to 380 nm thickness were modeled by a Lorentz-Drude approach. Subsequently, film stacks of 20 nm TaN / 20 nm Ta on oxidized and non-oxidized silicon are treated using these models.
Experimental
Tantalum and tantalum nitride films from 75 nm to 380 nm thickness were prepared by reactive ion sputtering in Ar and Ar/N 2 plasmas using a Balzers Clusterline CLC9000 tool and 150 mm silicon wafers as substrates. Tantalum nitride layers with two different stoichiometries were obtained at Ar:N 2 flow ratios of 4:1 (standard TaN -process A) and 26:1 (Ta rich, modified TaN -process B). Furthermore, film stacks of 20 nm standard TaN / 20 nm Ta were prepared in the same equipment on thermally oxidized and non-oxidized 100 mm Si wafers.
For structural and morphological characterization of the films, the samples were examined by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and electron diffraction (ED), as well as atomic force microscopy (AFM) and X-ray diffraction (XRD).
The optical characterization of the films was carried out using a SENTECH SE850 spectroscopic ellipsometer in the spectral range from 190 nm to 2.55 μm. By treating the Ψ−Δ spectra with Lorentz-Drude models, the complex dielectric function of the films was extracted. Subsequently, the models generated for single layers were applied to film stacks. In all cases, the ellipsometric data was processed using the software SpectraRay.
Results and Discussion

Structure and Morphology
Tantalum films of 95 nm to 383 nm thickness on Si were found to be (002) oriented β-Ta, as determined by XRD. This is consistent with results reported earlier and typical for as-sputtered Ta thin films [4] . The tantalum nitride layers on Si were polycrystalline and strongly disordered as concluded from peak broadening in the XRD spectra. While for process B mixed phases of Ta 2 N and Ta 4 N were grown, with process A stoichiometric TaN was obtained. SEM reveals columnar growth of the films with a lateral grain size of 24-36 nm, as depicted by Fig. 1 (a) . While the XRD spectra suggested a mixture of the hexagonal and fcc TaN phases, TEM in conjunction with ED revealed that fcc TaN was preferred. This is shown in Fig. 1 (b) and (c) where the electron diffraction pattern of a TaN sample is combined with the theoretical patterns to be expected for hexagonal and fcc TaN. Good agreement with the experimental result is found for the fcc phase.
The roughness of both the Ta and TaN films was determined by AFM and is in the range from 0.1 to 2.1 nm, meaning that its influence on the ellipsometric measurements may largely be neglected.
Spectroscopic Ellipsometry
To process the Ψ−Δ spectra of the films, a Lorentz-Drude oscillator model for the complex dielectric function was used [5, 6] . For the stoichiometric TaN, a Drude term plus 3 Lorentz oscillators were sufficient to obtain reasonable fits, while a Drude term and 4 oscillators were required for the mixed phases of Ta 2 N/Ta 4 N. In the latter case, all films from 76 to 293 nm thickness were optically thick and could be treated as quasi-bulk. In case of stoichiometric TaN, the sample with a 75 nm film was still transparent so that the film thickness could be extracted by fitting the ellipsometry data. A value of 74.4 nm was obtained which agrees well with the thickness measured by cross-sectional SEM (76.4 nm). Fig. 3 depicts the complex refractive index of the samples showing considerable differences predominantly in the imaginary part k. The results are similar to values reported by Aouadi and Debessai [7] , while the advantage of a broad-band measurement is clearly visible. Figure 3 . Optical properties of TaN films and Ta 2 N/Ta 4 N samples compared with literature data [7] .
Similarly, models were derived for the optical properties of the Ta films with 5 Lorentz oscillators in these cases. All samples from 95 to 383 nm thickness were opaque. Comparing the spectra for the complex refractive index with literature data shows good agreement with values for Ta thin films reported by Tompkins et al. [8] , whereas significant differences are found for bulk Ta of the bcc phase (α Ta) [9] as displayed in Fig. 4 . By applying the models derived for TaN and Ta to film stacks of 20 nm TaN / 20 nm Ta we were able to determine the thickness of the film stacks and obtain good agreement with cross-sectional SEM measurements. Fig. 5 shows the fit and the film model for a stack on silicon. While with ellipsometry the thickness of both the TaN and Ta film was determined, only the thickness of the entire stack could be measured by SEM. The error of about 9 % may largely be attributed to errors of the cross-sectional SEM analysis.
In case of a TaN/Ta film stack on thermally oxidized Si (300 nm SiO 2 ), also the oxide thickness of 298 nm determined by SE somewhat deviates from the result of the SEM analysis (284 nm). However, it is likely that the ellipsometric value is closer to the real thickness as the thermal oxidation process is known to be rather precise.
Extracting the optical properties for the TaN/Ta films on Si and SiO 2 reveals considerable influence of However, with many fitting parameters introduced in the models, doubts may arise if the results obtained for the optical properties are real. Therefore, the SE data was tried to fit with the values of the film thickness as variable parameters only, while the oscillator models were kept as determined for the single Ta and TaN films. In this case, suitable fits were not obtained for any of the TaN/Ta double layers. Moreover, the thickness of the stacks as well as the underlying SiO 2 was determined wrong. This indicates that the results with free parameters are consistent.
Summary
Single films of Ta, TaN, and mixed phases of Ta 2 N/Ta 4 N as well as TaN/Ta stacks on Si and SiO 2 were examined by spectroscopic ellipsometry from 190 nm to 2.55 μm wavelength. Good agreement of the optical properties with narrow-band data available for similar thin films was found. With Lorentz-Drude models subsequently applied to TaN/Ta double-layers the thicknesses of the film stacks could be determined in good agreement with cross-sectional SEM measurements, while the optical properties of the films strongly vary with both substrate and film thickness.
This study shows that spectroscopic ellipsometry is a valuable method for examining metallic and metal nitride thin films such as diffusion barriers required for ULSI copper metallization. 
